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The LHC will be a top quark factory. In this note, the central role of the top quark for LHC physics will be 
discussed, and an overview will be given of the studies of top quark properties in preparation, with an emphasis 
on the systematic uncertainties that will dominate most measurements. 



1. Introduction 

The Large Hadron Collider at CERN is scheduled to 
deliver its first proton-proton collisions in the autumn 
of 2009. The ATLAS and CMS experiments are in the 
final phase of installation and commissioning of their 
detectors, and are preparing for measurements of the 
first collisions. 

The LHC will be a top quark factory, both for top- 
quark pair production and single top-quark produc- 
tion. In this note, the central role of top quark pro- 
duction for LHC physics will be explained, and an 
overview will be given of the studies of top quark prop- 
erties in preparation. Being the only fermion with a 
Yukawa coupling to the Higgs boson of 0(1), the top 
quark plays a central role in almost all models of new 
physics. Reviews of top quark physics at hadron col- 
liders can be found in Refs. [liljiQ- 

Lacking data, all results discussed in this note are 
expectations based upon Monte Carlo simulations 
with realistic detector response and backgrounds, as 
documented by CMS [i] and ATLAS 

2. Top production 

Figure [T] shows the leading order diagrams for top- 
pair production in QCD. At the LHC, top-quark pair 
production is dominated by gluon-gluon fusion ( 90%). 
The cross-section increase with respect to the Teva- 
tron is very large, a factor of almost 150. The back- 
grounds increase as well, but with a smaller factor 
(about 10 for W/Z -I- jets), making the signal to back- 
ground ratio better at the LHC. On the other hand, 
there is now considerable phase space for radiation of 
extra jets. 




Figure 1: Top-pair production diagrams. 

In the Standard Model (SM), each top quark de- 
cay would produce a W and a lighter quark (usually 
a 6-quark), and the W can decay either leptonically 



(to e, /i or T plus corresponding neutrino), or to two 
jets. This leads to an overall branching fraction of 
top-quark pairs to an all-hadronic bbjjjj final state of 
46.2%, to a semi-leptonic bbivjj final state of 43.5% 
(29% for £ = e,iJ, only), and to a di-leptonic bb(.v£v 
final state of 10.3% (4.6% for £ = e, ^ only). 

Recently three new calculations of the top-pair pro- 
duction cross-section have been published [a, 0, Uli 
each making significant steps towards a future full 
NNLO calculation. The central values of these cal- 
culations at the LHC are in good agreement, even 
though there is some difference in the treatment 
of the scale uncertainties. Taking the conservative 
value of Ref 0, the top-quark pair cross-section at 
= 14 TeV, using the CTEQ6.5 parton distribu- 
tion functions (pdf), is calculated to be: a{ti) = 
908±83 (scales) ±30 (pdf) pb, for a top mass rrit of 171 
GeV. The difference between the predictions using the 
MRSTW-06 and CTEQ6.5 pdf's (53 pb), however, is 
larger than the pdf uncertainties as evaluated within 
CTEQ (30 pb) and MRSTW (12 pb) individually. At 
^ — 10 TeV, the startup centre-of-mass energy of 
the LHC, cr(tr) « 400 pb. 

Single top-quark production is an electroweak pro- 
cess, usually divided into three mechanisms: the t- 
channel mechanism with the largest expected cross- 
section, associated tW production, and the small s- 
channel (or W*) production, as shown in Fig.O 




a = 240pb „ ^ gopb a = lOpb 



Figure 2: Single top production diagrams. 



3. Role of the top at the LHC 

At the LHC, the top quark has many hats. It is 
possible to select clean samples of top quarks, which 
can be used to check and calibrate the detectors, as 
described in the next subsection. A precise measure- 
ment of the top production cross-section is a test of ad- 
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vanced QCD resummation techniques that are also ap- 
phcable in other calculations. Precise measurements 
of top properties can give insight into new physics be- 
yond the SM affecting top couplings and decay modes. 
New physics can also affect top production, for ex- 
ample via top production from decay of heavy reso- 
nances. Finally, SM top quark production is often a 
major background in searches for new phenomena like 
supersymmetry, and it is important to understand all 
aspects of top production from data. 

3.1. Top as a tool 

Pure samples of top-pair events can be used to ver- 
ify trigger and lepton identification, measure the light 
and 6-jet energy scale, check the missing Et recon- 
struction, and measure the 6-tagging efficiency. Fur- 
thermore, with these events it is possible to study effi- 
ciencies and fake rates in a "busy" environment. The 
top at the LHC is thus a prime multifunctional tool 
(yesterday's sensation, today's calibration!). 



three with the highest pT vector sum) after simple 
cuts on one lepton, at least four jets and some miss- 
ing Et, even without the use of 5-tagging, which may 
be compromised in early data. The main background 
is W-l-jets, but the top signal is obvious. The cross- 
section can be extracted from a fit to the invariant 
mass shape, or by background subtraction. ATLAS 
expects in 100 pb~^ a measurement of the tt cross- 
section with 3-7% statistical uncertainty and 15% sys- 
tematic uncertainty, not including the pdf error (3%) 
and the luminosity error (5%). 

The di-leptonic channel has a smaller branching 
fraction, but less background, and also here a signal 
in 10 pb^^ seems feasible. 

When well-understood 6-tagging is available, the 
top signal becomes very clean, and accurate cross- 
section measurements may be made. Table U shows 
the CMS estimates of uncertainties in the tt cross- 
section in the semi-leptonic decay channel (muons 
only). A major uncertainty is due to the error on the 
5-tagging; 5% is considered conservative and may well 
be considerably smaller with 10 fb^^ of luminosity. 



4. Observation and cross-section 

Due to this special role of the top quark in detec- 
tor commissioning, CMS and ATLAS aim for a rapid 
rediscovery of the top quark in early data. A measure- 
ment of the cross-section in < 1 fb~^ would provide 
an interesting early physics result, and is important 
for searches for new physics. 

4.1. tt production 

Early observation of ti production is possible both 
in the semi-leptonic and in the di-leptonic channel. As 
an example in the semi-leptonic channel. Fig. [3] (left) 
shows the expected distribution of the number of jets 
after a few basic cuts in 10 pb^^ of CMS data [9]; the 
presence of a top signal is clear. 
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Figure 3: Expectations for early top-pair observation. 
Left: CMS distribution of the number of jets after simple 
cuts in 10 pb~^. Right ATLAS distribution of three-jet 
invariant mass after simple cuts in 100 pb~^. 

FigureE] (right) shows for 100 pb'^ of ATLAS data 
the expected invariant mass of three hadronic jets (the 



Table I CMS estimates of uncertainties in the measure- 
ment of the tt cross-section in the semi-leptonic decay 
channel (muons only) for 1, 5 and 10 fb~^. 







Acr/o- 






1 fb"^ 


5 fb"^ 


10 fb"^ 


Simulation samples 




0.6% 




Pile-up (30% on-off) 




3.2% 




Underlying event 




0.8% 




Jet energy scale (light q, 2%) 




1.6% 




Jet energy scale (heavy q, 2%) 




1.6% 




Radiation (Aqcd,Qo) 




2.6% 




Fragmentation (Lund b, Gq) 




1.0% 




&-tagging (5%) 




7.0% 




Parton density functions 




3.4% 




Background level 




0.9% 




Integrated luminosity 


10% 


5% 


3% 


Statistical uncertainty 


1.2% 


0.6% 


0.4% 


Systematic uncertainty 


13.6% 


10.5% 


9.7% 


Total uncertainty 


13.7% 


10.5% 


9.7% 



4.2. Single top production 

As mentioned, single top production takes place via 
three mechanisms, each having its own dedicated anal- 
ysis. The major backgrounds for all three are top- 
quark pair production, multi-jet QCD and W-|-jets 
events. In particular the QCD background can be 
suppressed by only looking at leptonic decays of the 
W from the top. 
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4.2.1 . t-channel 

CMS performs a cut-based analysis of this channel, 
where cuts are optimized with a genetic algorithm. In 
10 fb~^, the statistical significance of the t-channel 
signal is 37, and the cross-section is measured with 
a 2.7% statistical error and 8% systematic error (ex- 
cluding the luminosity uncertainty). 

ATLAS uses a cut-based analysis as a baseline for 
robust observation, but observes that a multivariate 
analysis using a boosted decision tree (BDT) has a 
higher sensitivity. Figure [4] (left) shows the output 
of the BDT, Fig. [5] (right) shows the invariant mass 
of the top decay products after demanding that the 
BDT output is larger than 0.6: the top peak is clear. 




BDTou(jul M (GeV) 

Figure 4: Expectations for f-channel single top analysis. 
Left: ATLAS boosted decision tree (BDT) output. Right: 
reconstructed invariant mass of top decay products for 
BDT output larger than 0.6. 

In 1 fb"'^, ATLAS aims to measure the cross-section 
in the t-channel with 5.7% statistical and 22% sys- 
tematic error, which would determine \Vtb\ to ±11% 
(stat.-l-syst.) ±4% (theory). In 10 fb~\ the cross- 
section would be measured to 2% statistical and 10% 
systematic errors. 

4.2.2. Associated tW production 

Here two final states are considered: the di-leptonic 
channel £~^£~ E!^^^^b, and the semi-leptonic channel 

In 10 fb~^ CMS expects a significance for a signal 
of 4.2 in the di-leptonic channel, and 5.1 in the semi- 
leptonic channel. Excluding the systematic uncer- 
tainty due to limited MC statistics, the cross-section 
in the di-leptonic channel is measured with a statisti- 
cal error of 8.8% and a systematic error of 24%; the 
cross-section in the semi-leptonic channel is measured 
with a statistical error of 7.5% and a systematic error 
of 17%. The dominating systematic errors are the jet 
energy scale, pile-up, and 6-tagging uncertainties. 

ATLAS again uses cut-based and multivariate anal- 
yses, with in 10 fb~^ an expected uncertainty on the 
measured cross-section of 6.6% statistical, and 19.4% 
systematic. 



4.2.3. s-cliannel 

The s-channel is interesting since other particles like 
can appear in the propagator, but it is a difficult 
channel due to the low cross-section and large back- 
grounds. 

CMS has studied this channel with a fast detector 
simulation, and expects to reach a measurement of the 
cross-section in 10 fb~^ with a 18% statistical error, 
and a 31% systematic error. 

ATLAS has studied likelihood methods with full de- 
tector simulation, and expects in 10 fb^^ a statistical 
error of 20% and a systematic error of 48% on the 
cross-section. 



5. Top properties 

It is expected that the LHC experiments can make 
studies of top quark properties to levels exceeding 
those of the Tevatron. However, for many measure- 
ments, in particular the top mass, systematic errors 
dominate over statistical errors, and the full capabil- 
ities of the LHC can only be exploited when those 
systematic uncertainties are under control. 

5.1. Top mass 

The mass of the top quark is one of the most im- 
portant parameters of the Standard Model. It should 
be realized that, theoretically, the concept of a pole 
mass for the top quark has an intrinsic uncertainty of 
order Aqcd , and a direct translation of the parameter 
measured by experiments to the pole mass is not so 
obvious. Perhaps the fairest statement one can make 
is that what experiments measure is actually the "top 
mass" parameter in the Monte Carlo generators... 

CMS measures the top mass in the semi-leptonic 
channel using a full kinematic fit to the events, and 
using the result of this fit in an event-by-event likeli- 
hood as a function of the top mass. This likelihood 
can make optimal use of all information available in 
the event. In a data sample of 10 fb~^, CMS ex- 
pects a statistical uncertainty on the top mass of only 
200 MeV, and a systematic uncertainty of 1.1 GeV if 
the dominating uncertainty, the fe-jet energy scale, is 
known to 1.5%. 

CMS has also studied the extraction of the top mass 
in the di-lepton channel and the all-hadronic channel. 
The di-lcpton channel is very clean, as shown in Fig.[5j 
Already in 1 fb^^ a measurement with an error of 
Amt = 4.2 GeV can be done, improving to Amt = 0.5 
GeV (stat.) ±1.1 GeV (syst.) in 10 fh-\ Also the 
all-hadronic channel contributes to the combined top 
mass; its dominating systematics are the jet energy 
scale, radiation of extra jets and the backgrounds. 

The ATLAS studies have concentrated on the semi- 
leptonic decay channel, with electrons and muons. 
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Figure 5: Left: invariant mass of the two lepton candidates in di-leptonic tt events in CMS, indicating the cut window 
to remove Z+jets events. Right: most likely top mass after selection for 1 fb~^. 



Two algorithms have been studied to choose the two 
light jets from the hadronically decaying W boson: a 
minimization method with event-by-event rescal- 
ing, and a geometric method choosing the two light 
jets with smallest Ai?(= ^/Xcj^^T^rf) ■ Then the 
two 6-tagged jets are assigned to hadronic and lep- 
tonic W to form the two top quarks. The top quark 
mass can be extracted from a fit to the invariant mass 
peak, or from a full kinematic fit of the event. In the 
final expected result for 1 fb""'^, the systematic uncer- 
tainty dominates over the statistical one, and amounts 
to 0.7 GeV per % of 6-jet energy scale uncertainty, 0.2 
GeV per % of light jet energy scale uncertainty, and 
~ 0.3 GeV due to uncertainties related to radiation of 
extra jets, either from the initial (ISR) or final state 
(FSR). 

An interesting alternative method to measure the 
top mass has been studied by CMS, and involves se- 
lection of events where a 6-quark decays into a J /'^ 
{+X) and the J/'^ into two leptons, and where the 
W from the same top quark also decays leptonically. 
The invariant mass of the three leptons is sensitive 
to the top mass; the systematic uncertainties of this 
method include 6-decay modelling and the lepton en- 
ergy scale, but not the &-jet energy scale, and it is 
thus almost orthogonal to the standard methods. In 
20 fb~^ the statistical error could reach ^ 1 GeV and 
the systematic error ~ 1.5 GeV, dominated by the- 
ory systematics that may be further reduced by new 
calculations. 



5.2. Top decay 

If the top quark is indeed the Q — 2/3, spin 1/2, 
heavy partner of the bottom quark, then the following 
expression holds for its decay width to a W and a 



lighter quark q {q — d, s,b): 



T{t -> W+q) 



-(1 



8nV2 

X (1 - O.Sla^ - l-8a^) 



(1 



w > 



(1) 



In the Standard Model \ Vtb\ ~ 1, and the top decay 
into 6W dominates far above sW and dW decays. The 
decay has the structure of the typical charged weak 
V-A (vector minus axial vector coupling) form. It 
is possible to measure |Vth| by counting the number 
of 6-tagged jets in top decays; the precision will be 
determined by 6-tagging systematics. Alternatively, 
iVtbl can also be determined in single top production. 

5.2.1 . Top charge 

For a decay t —f Wb, it is interesting to study the 
correlation of W and b charge, in order to establish 
whether indeed t W^b is observed as expected in 
the SM, or whether we are observing an exotic "top- 
like" quark with (5 = 4/3 decaying as t ^ W'^b. At 
the Tevatron, this latter scenario is disfavoured at the 
90-95% CL. ATLAS can make a 5(t distinction with 
1 fb~^ with a 5-jet charge technique, or using semi- 
leptonic 6-decays. 

5.2.2. FCNC decays 

In the SM, flavour-changing neutral current top de- 
cays (i — !■ g X, where q = c,u and X = 7,Z,gluon) 
are strongly suppressed (0(10"^'*)); in certain mod- 
els of new physics they can be enhanced to levels of 
10~4- 10-^ 

GMS has evaluated the sensitivity to X = 7, Z with 
a cut-based analysis. In 10 fb^^, a 5a discovery of 
Br(t q-f) > 8.4 x 10"^ and Br(t qZ) > 15 x 10"^ 
could be made. ATLAS has developed a multivariate 
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selection for X = 7, Z and giuon, and quotes the re- 
sults as 95% CL exclusion limits for 1 fb~^, as shown 
in Fig. [HI 
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Figure 6: ATLAS expectation for 95% CL limits on the 
branching ratios of the FCNC decays t ^ qj and t — > qZ 
in 1 ib'\ 



5.2.3. V-A structure 

The V-A structure of top quark decay can be stud- 
ied in semi-leptonic tt decays. One measures the po- 
larisation of the leptonically decaying W from the dis- 
tribution of the angle ^' between the lepton in the W 
frame, and the W in the top frame. This distribution 
can be written as 



1 dN _ 3 ,sin^' 2 
iVdcos¥ ^ 2^ °^ y/2 ' 
,1 - cos* „ 

+ fl{ — ^ — y 



H- cos ^I^ , 



where Fq, Fl and Fa are the fractions of longitu- 
dinally, left-handed and right-handed polarized W's, 
respectively. By fitting the appropriate ^'-dependent 
functions to the distribution, the fractions can be ex- 
tracted, under the constraint Fo + Fl + Fr = 1. 

In 730 pb-\ ATLAS expects to measure, if indeed 
these fractions are as the Standard Model predicts: 
Fo = 0.70 ± 0.04 ± 0.02, Fl = 0.29 ± 0.02 ± 0.03, 
and Fr = 0.01 ± 0.02 ± 0.02, where the first error is 
statistical and the second systematic. 

5.2.4. Anomalous couplings 

In a more general way, it is convenient to write an 
effective Lagrangian for the tbW vertex as follows: 

" h''{VLPL + VRPR)tW- 



V2 

g 

V2 Mw 



where Pr/l = (1 ± 7^)/2 are the usual right- and 
left-handed projection operators, and Vr^^ and gR/i, 
are top couplings; in the SM only ^ (in fact 
Vl = Vtb), and the other couplings are anomalous. 

ATLAS has derived expected limits on the anoma- 
lous couphngs for 1 and 10 fb~^, as shown in Fig. [71 



5.3. Spin correlations 

The top itself is expected to be produced essentially 
unpolarised, but there are correlations between the 
spins of the two tops in the same event. This is due 
to the fact that close to threshold, in gluon-gluon fu- 
sion the top-pairs are produced in a ^Sq state. (In 
qq' annihilation they would be in a '^Si state). The 
top spin correlations can be studied by looking at the 
asymmetry A between parallel aligned top spins ver- 
sus oppositely aligned top spins 

, ^ ^(TT) + 'Tai)-a(n)-a(iT) 

^(TT) + fT(U) + 'T(n) + a(iT)' ^' 

where stands for the cross-section of producing 

a t with spin up and a t with spin down, etc. As 
a spin-analyzer axis we use the direction of flight of 
the two tops in their combined center-of-mass frame. 
Defining 6i as the angle between t (or t) decay product 
i in the t (or i) rest frame, and the t (t) in the tt rest 
frame, the double differential distribution of 9i and 
62, where 1 and 2 are from different top quarks, can 
be written as: 



1 d'^N 
N d cos Videos 62 



i(l — A|q;iq;2| cos6'i COS02)- (5) 



{9lPl + gRPR)tW- (+h.c.), (3) 



In this equation, ai is the spin analyzing power of de- 
cay product i: it is nearly one for a lepton or a d-type 
quark if one could identify such a quark, it is typically 
0.5 for tagged 6-quark jets or the lowest energy jet. 
Figure [S] shows the distributions of cos Oi versus cos O2 
for 01 = 6i^u02 = Ob-t (left) and Oi = Oi-u O2 = 0q-t 
(right), for CMS at generator level, before detector 
simulation. Detector effects do significantly deterio- 
rate the correlations and need to be taken into ac- 
count, leading to systematic uncertainties. For top- 
quark production dominated by gluon-gluon fusion, 
A is expected to be 0.3 — 0.4 depending on exact cuts, 
whereas for tt production by quark-antiquark annihi- 
lation A <0. 

CMS expects to measure A in 10 fb^^ with a to- 
tal relative uncertainty (dominated by systematics) of 
20-25%, which would clearly distinguish between pro- 
duction mechanisms. ATLAS expects a measurement 
with a relative uncertainty of 0(50)% already in 200 
ph-\ evolving to 10-20% in 10 fb^i. 
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Figure 7: Expected limits on the anomalous tbW couplings versus gn (left) and Vu versus gR (right), in 1 and 10 
fb~^ with and without fe-tagging, derived by ATLAS. 




Figure 8: Distributions of of cos Si versus cos for 9\ = 
ei_t,92 = Ob-t (left) and 6'i = Oi-t^Oi = e,_t (right), for 
CMS before detector simulation. 



studies, and statistical errors will not be the limiting 
factor (with the exception of rare decays). Detailed 
studies of systematic errors, on the other hand, will 
be very important. On the detector side these include 
6-jet and light jet energy scales, 6-tagging, and pile- 
up. On the theory side, the major uncertainties are 
from radiation of extra jets (ISR/FSR), pdf's, and 
hadronization. Hard work will be needed by experi- 
mentalists and theorists alike, with the reward of bet- 
ter understanding of a very special quark. 



6. Anomalous production 

New physics can introduce new production mech- 
anisms for single top quarks or top quark pairs. 
Flavour-changing neutral current processes can lead 
to anomalous single top production. Furthermore, top 
quarks can be produced in the decay of stop quarks 
in supersymmetry, in charged Higgs decays, or in the 
decay of resonances that appear in little Higgs or LR- 
symmetric Higgs models, or in models with extra di- 
mensions containing Kaluza-Klein (KK) states. Apart 
from a deviation in the overall single-top or top-pair 
cross-section, a pronounced deviation in the top-pair 
invariant mass distribution may appear. A general 
complication in the reconstruction of top quarks pro- 
duced in the decay of massive particles is the fact that 
these top quarks are highly boosted, and their de- 
cay products are very close. Dedicated reconstruction 
techniques are under development in both CMS and 
ATLAS. 



7. Conclusion 

The LHC will provide a very large sample of top 
quarks. These top quarks play a central role in many 
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